The present paper proposes a combination of the Baldwin Lomax and Smagorinsky turbulence models in order to compensate the de ciencies each one of these simple models exhibits. The proposed combination, named BLS, uses the turbulent viscosity of the Baldwin Lomax in the vicinity o f w alls, and a blend of Baldwin Lomax and Smagorinsky viscosity from the end of the inner layer (Baldwin Lomax) into the core ow region. Results obtained for a sphere, a cylinder and a cube indicate that the proposed model yields acceptable results, and represents an attractive alternative when transient s i m ulations with wall e ects can not be performed with either RANS or LES.
Introduction
Over the last half century, a wide range of turbulence models has been developed to solve the closure problem of the Reynolds Averaged Navier-Stokes equations (RANS). However, it is di cult to nd an individual model that can be used reliably over the complete range of turbulent ow cases. These models can be classi ed according to their complexity as: algebraic models or zero equation models (i.e. based on Prandtl's mixing length hypothesis) one equation models, two equation models (i.e. based on the equation for the turbulence kinetic energy) and Reynolds-stress models. An extensive review of these models has been made by Wilcox 1, 2] . Another approach to solve the NavierStokes equations is via so-called Large Eddy Simulation (LES), which assumes that once the inertial scales of the ow have been captured by a su ciently ne grid, the even shorter (sub-grid) wavelengths can be modeled. This inherently transient approach has been reviewed in detail by Mason 3] .
RANS are obtained using a time averaging process, and hence, in principle, are only suitable for stationary problems. However, RANS can be extended to transient problems if the period of the mean (stationary) solution is several orders of magnitude larger than the turbulent u ctuations of the ow. If this condition is not met, RANS cannot be applied for transient problems (a typical example being atmospheric ows).
LES, on the other hand, is a space averaging process and therefore applicable to transient ows for resolving part of the turbulent scales. The limitation is due to the grid size: scales smaller than the grid-size have t o b e modeled. Many v ariations exist on closure models for the unresolved scales, from variations of the classic Smagorin- The third possibility, solving the Navier-Stokes equations via Direct Numerical Simulation (DNS) 8], resolves all the turbulent scales present in the ow. D u e t o h a r dware limitations, this approach can presently only be used in cases with simple geometries/low Reynolds numbers, and does not constitute a feasible option for engineering problems.
Given that RANS and LES are simpli ed or derived forms of the Navier-Stokes equations, they will have inherent limitations. For example, a wall-bounded ow i s extremely di cult to simulate with LES. All the LES variations do not properly resolve the turbulent scales near the wall. A whole branch of research is dedicated to study boundary conditions near the wall. Alternatives to solve this problem are di erent law-of-the-wall formulations applied as boundary conditions 9, 1 0 ]. Flows with regions of separation are di cult to simulate with RANS (algebraic, one-or two-equation models), and their predictions do not always match with experimental data. A relatively new and promising approach i s D e t a c hed Eddy Simulation (DES). DES merges the best of RANS and LES. RANS is used near the wall where there is no separation. LES is used in the core ow where it works well 11, 1 2 ] . This paper approaches the turbulent problem from the point o f v i e w o f D E S . T h e t wo simplest algebraic models: Baldwin Lomax 13] and Smagorinsky 4] , are combined in such a w ay that each one is used in the region of the ow i t was devised for. The Baldwin Lomax turbulence model is used close to walls, where it is known to give v ery good results. Smagorinsky is used for regions of separation and core ow. The modi ed model is then applied to ow past a sphere, a cylinder and a cube in a channel at high Reynolds numbers(Re = 1 0 5 ; 10 6 ).
Turbulence Closures
The turbulence closure model is a term coming from the averaged Navier-Stokes equations for incompressible ows 14] . The resulting term is called Reynolds-stress tensor and it is given by ij = ;u 0 j u 0 i (1) where u 0 j represents the uctuating component o f u and the over-bar represents the temporal average.
Baldwin Lomax Model
The turbulent eddy viscosity tur is calculated in two different ways for the Baldwin Lomax model. There is a distinction between an inner layer and an outer layer. In the inner layer the viscosity ( turi ) is calculated using Equation (2) , where the mixing length l mix is given by the Van Driest equation (3) . The viscosity i n the outer layer ( turi ) is calculated with Equation (4).
Inner Layer: turi = l 2 mix j!j (2) l mix = y F wake = min y max F max C wk y max U 2 dif =F max (5) F max = 1 max(l mix j!j)] : (6) The constants typically used are:
= 0 :40 = 0 :0168 A + 0 = 2 6
C cp = 1 :6 C Kl e b = 0 :3 C wk = 1 :
The function F Kl e b is Klebano 's intermittency function given by:
F Kl e b (y ) = 1 + 5 :5 y 6 ;1 :
The magnitude ! is the module of the vorticity vector and U dif is the maximum value of U for boundary layers given in Equation (9 
where S ij is the resolved strain rate and tur is the Smagorinsky eddy viscosity g i v en by tur = (C s h) 2 p S ij S ij : (12) where h is the grid scale and C s is the Smagorinsky coefcient, the value of which lies in the range 0:10 < C s < 0:24.
Baldwin-Lomax-Smagorinsky (BLS) Model
The new hybrid turbulence closure, named BLS, consists of a blend of Baldwin Lomax and Smagorinsky models. It is known that Baldwin Lomax has good agreement w i t h the experiments for attached ows or near walls. LES, on the other hand, gives best results in the core ow. The idea is to use each model where it performs best. The algorithm to calculate the viscosity with this new closure is depicted in Figure 1 . The functional form of both models is similar and this makes it easy to blend them. We note that a similar approach is mentioned by Mason 3] , who points out the lack of accuracy of LES near walls and proposes the calculation of the viscosity near the wall as t = (y + y 0 ) 2 @ U @ y : (13) and in the core ow m a i n tains the traditional Smagorinsky closure, matching both viscosities. He also mentions the possibility of exploring other functions, for example the Van Driest function (Equation (3)). This new model does not represent a n y e x t r a w ork in the implementation because it requires the same quantities calculated in BL and Smagorinsky models.
Results
Three di erent cases were tested using the proposed model. First, a comparison for the three models is completed for the case of the ow past a sphere. Second, the BLS model is applied to the ow past a cylinder. And third, the case of the cube in a channel.
Flow past a sphere at Re = 6 10 5
The modi ed method was applied to the ow past a sphere at high Reynolds number (Re = 6 10 5 ). The RANS mesh for the case is shown in Figure 2 . The nite element grid contains approximately 1.4M elements and 240K points. The same case was computed using the BLS, BL and Smagorinsky models. The drag force history for the BLS case is shown in Figure 3 . The average drag coe cients obtained for the three models are compared with the experimental data 15, 1 6 , 1 7 , 1 8 ] i n T able 2. The ow structure in the wake of the sphere is depicted in Figures 4, 5 and 6 . We remark that the wake is highly transient, and therefore these gures only represent a snapshot. The absolute velocity range for the three models is similar (0.0 m/s -1.5 m/s), however the shape of the wake has some important di erences. The BL and BLS share the same structure near the wall because in that region they are basically the same and the main di erence comes in the inner region where the BL predicts zero turbulent viscosity and Smagorinsky does not. The Smagorinsky model has the main di erence with the other two models near the wall where high velocities can be seen near the wall and the separation point is not well predicted ( Figure 6 ). Lower velocities are in the wake for the BLS and BL models and they predict well the separation point in Summarizing, the method proposed was compared with three di erent situations and the results were satisfactory in each of the cases. Separation regions are well represented and experimental results match fairly well with the numerical results. The method is a good approach to blend formulations like LES and RANS in what the literature calls DES 11, 1 2 ] . The extra programming e ort for codes with any Smagorinsky model and BL model are minimal. Since the wall region is resolved in a RANS sense, stretched (anisotropic) grids are required to resolve the boundary layer. Then, the number of points is small as compared to truly LES grids. However, that can also be a disadvantage for the proposed model when it is applied to very complex geometries. The method can be extended to other kinds of ows where the presence of walls dominates the turbulence process. Other models than Smagorinsky can be used in the core ow t o o .
